
1060  |   	﻿�  CPT Pharmacometrics Syst Pharmacol. 2023;12:1060–1071.www.psp-journal.com

Received: 30 August 2022  |  Revised: 13 December 2022  |  Accepted: 14 December 2022

DOI: 10.1002/psp4.12914  

A R T I C L E

Population pharmacokinetic dosimetry model using 
imaging data to assess variability in pharmacokinetics of 
177Lu-PSMA-617 in prostate cancer patients

Hinke Siebinga1,2   |   Bastiaan M. Privé3  |   Steffie M. B. Peters3  |   James Nagarajah3  |   
Thomas P. C. Dorlo1,4   |   Alwin D. R. Huitema1,5,6  |   Berlinda J. de Wit-van der Veen2   |  
Jeroen J. M. A. Hendrikx1,2

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. CPT: Pharmacometrics & Systems Pharmacology published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and 
Therapeutics.

1Department of Pharmacy & 
Pharmacology, The Netherlands Cancer 
Institute, Amsterdam, The Netherlands
2Department of Nuclear Medicine, 
The Netherlands Cancer Institute, 
Amsterdam, The Netherlands
3Department of Radiology and Nuclear 
Medicine, Radboud University Medical 
Center, Nijmegen, The Netherlands
4Department of Pharmacy, Uppsala 
University, Uppsala, Sweden
5Department of Clinical Pharmacy, 
University Medical Center Utrecht, 
Utrecht University, Utrecht,  
The Netherlands
6Department of Pharmacology, Princess 
Máxima Center for Pediatric Oncology, 
Utrecht, The Netherlands

Correspondence
Jeroen J. M. A. Hendrikx, Department 
of Pharmacy & Pharmacology, 
The Netherlands Cancer Institute, 
Plesmanlaan 121, 1066 CX Amsterdam, 
The Netherlands.
Email: j.hendrikx@nki.nl

Abstract
Studies to evaluate and optimize [177Lu]Lu-PSMA treatment focus primarily on 
individual patient data. A population pharmacokinetic (PK) dosimetry model 
was developed to explore the potential of using imaging data as input for popu-
lation PK models and to characterize variability in organ and tumor uptake of 
[177Lu]Lu-PSMA-617 in patients with low volume metastatic prostate cancer. 
Simulations were performed to identify the effect of dose adjustments on ab-
sorbed doses in salivary glands and tumors. A six-compartment population PK 
model was developed, consisting of blood, salivary gland, kidneys, liver, tumor, 
and a lumped compartment representing other tissue (compartment 1–6, re-
spectively), based on data from 10 patients who received [177Lu]Lu-PSMA-617 (2 
cycles, ~ 3 and ~ 6 GBq). Data consisted of radioactivity levels (decay corrected) 
in blood and tissues (9 blood samples and 5 single photon emission computed 
tomography/computed tomography scans). Observations in all compartments 
were adequately captured by individual model predictions. Uptake into salivary 
glands was saturable with an estimated maximum binding capacity (Bmax) of 
40.4 MBq (relative standard error 12.3%) with interindividual variability (IIV) of 
59.3% (percent coefficient of variation [CV%]). IIV on other PK parameters was 
relatively minor. Tumor volume was included as a structural effect on the tumor 
uptake rate constant (k15), where a two-fold increase in tumor volume resulted in 
a 1.63-fold increase in k15. In addition, interoccasion variability on k15 improved 
the model fit (43.5% [CV%]). Simulations showed a reduced absorbed dose per 
unit administered activity for salivary glands after increasing radioactivity dosing 
from 3 to 6 GBq (0.685 Gy/GBq vs. 0.421 Gy/GBq, respectively). All in all, popula-
tion PK modeling could help to improve future radioligand therapy research.
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INTRODUCTION

Radioligand therapy has shown favorable effects on 
advanced stage prostate cancer (PCa) in the recently 
published phase III VISION trial.1 For this treatment, 
prostate-specific membrane antigen (PSMA) peptide is 
radiolabeled with Lutetium-177 (177Lu) and after intrave-
nous administration, it targets the PSMA-overexpressing 
PCa cells with high specificity.2 Although this promis-
ing approach has resulted in complete disappearance of  
PCa lesions in some patients, in the general popula-
tion, responses are heterogeneous as are the observed 
radiation-induced organ toxicities. Research regarding 
[177Lu]Lu-PSMA treatment focusses predominantly on 
methods to improve the therapeutic index and optimize 
treatment by, for example, applying alternative (indi-
vidualized) dosing regimens or introducing new PSMA-
targeting ligands.3

To quantify absorbed radiation doses in organs and 
tumor lesions (often referred to as “dosimetry”), multiple 
single photon emission computed tomography (SPECT)/
computed tomography (CT) scans are obtained on various 
timepoints after administration of [177Lu]Lu-PSMA.4 In 
the clinical setting, dosimetry is used to estimate patient-
specific radiation doses in treatment-limiting organs or 
tumor lesions to guide therapy. However, little research has 

been conducted into population trends of [177Lu]Lu-PSMA 
uptake. Jackson et al. introduced a population approach, 
where information of multiple individuals was gathered 
to eventually estimate individual [177Lu]Lu-PSMA-617 
absorbed doses based on a single measurement.5 This ap-
proach of using population data to limit the number of 
sampling timepoints is quite similar to a Bayesian thera-
peutic drug monitoring approach. Still, their approach 
only focused on specific treatment-limiting organs instead 
of describing a full pharmacokinetic (PK) profile and how 
uptake in specific regions might be related to each other.

Population PK modeling, using nonlinear mixed-effects 
models (NLMEMs), might be a valuable tool to improve 
the dosimetry of [177Lu]Lu-PSMA therapy based on limited 
post-administration scans and to identify and add knowl-
edge on covariates influencing population dosimetry. Such 
models can describe total PK behavior and are not limited 
to tissue retention as observed on post-administration scans. 
Moreover, the models are able to describe variability on PK 
parameters and specific uptake into different predefined 
compartments. Applying this approach to develop a popu-
lation dosimetry model will lead to a more comprehensive 
understanding of population exposure and variability in 
whole-body [177Lu]Lu-PSMA distribution than traditional 
dosimetry models based on integration of the radioactivity–
time curve (or time-activity curve) based on blood sample 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Multiple single photon emission computed tomography (SPECT)/computed to-
mography (CT) scans are obtained after administration of [177Lu]Lu-PSMA, but 
little research has been conducted into population trends of [177Lu]Lu-PSMA 
uptake.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study aimed to explore the potential of using data derived from SPECT/CT 
scans as input for population pharmacokinetic (PK) models. A population PK 
dosimetry model was developed to characterize variability in organ and tumor 
uptake of [177Lu]Lu-PSMA-617 in patients with low volume metastatic prostate 
cancer and to simulate effects of dose adjustments on absorbed doses in salivary 
glands and tumors.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
A six-compartment model characterized variability in [177Lu]Lu-PSMA distri-
bution. Salivary gland uptake was saturable and simulations showed a reduced 
absorbed dose per unit administered activity for salivary glands after increased 
radioactivity dosing. Besides, dose individualization could potentially be based on 
tumor volume, because increased tumor volumes resulted in increasing uptake 
in tumors.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
Enriching current research on dosimetry with population PK models could help 
to improve and personalize radioligand therapy.
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or scan data. In addition, these models are a proven tool in 
pharmacological research to acquire extra information, for 
example, regarding covariates affecting uptake into compart-
ments or variability in uptake between different treatment 
cycles.6,7 Such knowledge can be used to optimize individual 
absorbed dose estimations, and eventually even personalize 
dosing regimens, for example, by using Bayesian therapeutic 
drug monitoring methods to guide dose adjustment by esti-
mating effects on tumor and organ uptake.8 Nuclear imaging 
data are not regularly used as input for these PK modeling 
approaches. However, because nuclear imaging data are 
subject to a high level of noise, using NLMEMs would be an 
appropriate approach for disentangling residual unexplained 
variability (noise) from interindividual variability (IIV) and 
interoccasion variability (IOV) on the parameter level.

Therefore, the primary aim of this project was to ex-
plore the potential of using [177Lu]Lu-PSMA-617 uptake 
data derived from multiple SPECT/CT scans as input for 
population PK models. In addition, we aimed to develop 
a population PK dosimetry model to get a better under-
standing of PK parameters and to explain variability in 
organ and tumor uptake of [177Lu]Lu-PSMA-617 in pa-
tients with low volume metastatic PCa. Last, simulations 
were performed to identify the effect of differences in 
administered radioactivity on absorbed doses in salivary 
glands (dose-limiting organ) and tumors.

METHODS

Patients and data

Data from 10 patients with low volume early stage 
metastatic PCa were available from a prospective clini-
cal study in the Radboud University Medical Center 
(NCT03828838).9 All patients showed PSMA positive 
lesion(s) on diagnostic [68Ga]Ga-PSMA positron emission 
tomography/CT and received two cycles of [177Lu]Lu-
PSMA-617 with injected activities of ~ 3 GBq and ~ 6 GBq 
with an interval of 8 weeks. After each administration, 
nine blood samples (5, 30, 60, 120, and 180 min and 24, 48, 
72, and 168 h post-injection) and five SPECT/CT scans (1, 
24, 48, 72, and 168 h post-injection) were acquired to quan-
tify accumulation profiles. All records regarding radioac-
tivity were corrected for radioactive decay over time by 
recalculating the measured activity to the corresponding 
activity at the time of injection. Quantification of SPECT 
scans was performed by placing volumes-of-interest based 
on CT contours of organs in salivary glands, liver, kidneys, 
and tumor lesions, whereas for determining blood activ-
ity, multiple regions-of-interest were drawn in the aorta. 
A detailed description of the image acquisition and dosim-
etry method was previously published.10

Model development

Blood compartment

The initial structural model was developed using 
concentration-time data from the central compartment 
alone. Both blood sample and blood activity derived from 
SPECT/CT scan were used as observations for this cen-
tral compartment. Blood data derived from SPECT scans 
are subject to a high noise level, whereas blood samples 
represent more accurate concentration measurements. 
Therefore, to apply blood activity data from SPECT scans 
as input for modeling purposes, a linear correction to 
blood sample data was estimated (following Equation 1). 
Using Equation  1, all predictions based on SPECT data 
were corrected to predictions based on blood samples.

where Cpred represents the corrected predicted concentra-
tion for individual i and observation j, Cpred SPECT represents 
the predicted concentration for SPECT data and α and β rep-
resent linear correction estimates, with α being the intercept 
and β the degree of change in corrected concentration pre-
diction for every one unit of change in the predicted concen-
tration based on SPECT data.

In addition, an estimated structural measurement effect 
(ɣ) was added to predicted blood concentrations (following 
Equation  2). This effect explained an assumed difference 
between measured and actual blood concentration, where 
actual concentrations were assumed lower because of cali-
bration uncertainty for blood samples caused by extreme cal-
ibration ranges. Residual unexplained variability (RUV) was 
described by two separate combined proportional and additive 
residual error models (see Equation 2), both for blood sample 
and SPECT data separately for this blood compartment.

Cobs represents the observed concentration for indi-
vidual i and observation j, Cpred represents the predicted 
concentration (corrected in case of SPECT blood data), ɣ 
represents the structural measurement effect and εp and 
εadd represent the proportional and additive error, respec-
tively, both distributed with mean zero and variance ω2.

Dosimetry model

Subsequently, this model for blood data was expanded to a 
six-compartment model, consisting of a blood (1), salivary 
glands (2), kidneys (3), liver (4), tumor (5) compartment, 
and a rest compartment representing other tissue (6). 

(1)Cpred,ij = Cpred SPECT,ij ∗� + �

(2)Cobs,ij =
(

Cpred,ij + �
)

∗

(

1 + �p,ij
)

+ �add,ij
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Salivary glands, kidneys, and tumor compartments were 
lumped, meaning that these compartments represented 
all salivary glands, both kidneys and all tumor lesions, 
respectively. Elimination was described by an excretion 
rate constant (k10) and drug transport between the central 
compartment and all other compartments was described 
by rate constant (k) parameters. Volume of distribution 
was only estimated for the central compartment, and, 
consequently, observations and predictions for all other 
compartments were in amounts (MBq) rather than con-
centrations (MBq/L). An overview of the population PK 
dosimetry model structure is depicted in Figure 1.

Models for saturable binding equilibriums were tested for 
all organ and tumor compartments (following Equation 3), 
because PSMA ligand uptake into organs and tumors is 
mainly driven by binding to the PSMA receptor and subse-
quent internalization of the receptor-ligand complex.11–13

where kin and kout represent the rate constants, Ablood and 
Atarget represent the compound amounts in the blood and 
target compartment, respectively, and BMAX is the maximum 
binding capacity in the target compartment (i.e., PSMA re-
ceptor expression).

The IIV was evaluated for the excretion rate (k10), 
BMAX in case of saturable binding, and all rate constant 
parameters to compartments 2, 3, 4 and 5, following 

Equation 4. The IOV, with each cycle defined as a sep-
arate occasion, was tested to take into account cycle-to-
cycle variability. IOV was implemented similarly to IIV 
(see Equation 4). Last, RUV was described by a separate 
proportional residual error model for each compartment 
(see Equation 5).

where P represents the PK parameter estimate for individual 
i, Ppop represents the population PK parameter estimate, and 
η represents the IIV or IOV effect for individual i with mean 
zero and variance ω2. Cobs represents the observed concen-
tration for individual i and observation j, Cpred represents the 
predicted concentration and εp represent the proportional 
error, distributed with mean zero and variance ω2.

Structural effects

No extensive covariate testing was performed, because the 
patient population was rather small as well as expected 
ranges in patient characteristics. Only structural effects 
that were expected to describe part of the mechanism-
based population PK model were tested to improve the 
model fit. These structural effects identify relationships 
between patient-specific factors and structural model 

(3)dA

dt
= kin ∗Ablood ∗

(

1 −
Atarget

BMAX

)

− kout ∗Atarget

(4)Pi = Ppop ∗ e
�i

(5)Cobs,ij = Cpred,ij ∗
(

1 + �p,ij
)

F I G U R E  1   Overview of the six-
compartment model structure for  
[177Lu]Lu-PSMA-617
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parameters. PSMA ligand uptake in tumors is related to 
tumor aggressiveness, which is reflected by (among oth-
ers) tumor volume and the prostate-specific antigen (PSA) 
level.14–18 Therefore, total tumor volume (determined be-
fore the start of each treatment cycle) and (baseline) PSA 
were both tested as a structural effect on tumor uptake 
(k15). These continuous structural effects were evaluated 
using linear and power functions. Cell death in salivary 
glands due to radiation is a possible cause of decreased 
salivary gland uptake in later cycles,19 thus, the second 
treatment cycle was tested as a (dichotomous) structural 
effect on salivary gland uptake (k12) or BMAX (if identified). 
[177Lu]Lu-PSMA-617 is renally excreted, thus, creatinine 
clearance (calculated using the Cockcroft-Gault equa-
tion) was added on k10 a priori, using a linear function 
with the assumption of complete renal elimination.20,21

Model selection and evaluation

Model selection was guided by evaluation of goodness-
of-fit (GOF) plots, precision of estimated parameters, and 
change in objective function values (OFVs). In case of hi-
erarchical modeling, an OFV drop of greater than or equal 
to 3.84 points (corresponding to a p value < 0.05, following 
a chi-square distribution with 1 degree of freedom) was 
considered a significant improvement of the model fit. 
Eventually, models were evaluated with GOF plots, vis-
ual predictive checks (VPCs), and parameter uncertainty, 
which was assessed using the sampling importance resa-
mpling (SIR) method.22

Absorbed dose simulations

Using the final model parameters, simulations were 
performed for salivary glands and tumor for both dos-
ing regimens (until time after administration of 168 h). 
Radioactivity-time curves were simulated for a typical 
patient with median patient characteristics after admin-
istration of 3 and 6  GBq [177Lu]Lu-PSMA-617. For each 
simulation, 1000 patients were simulated and estimated 
IIV and RUV were taken into account in these simulations. 
Based on these simulations, absorbed doses were calcu-
lated for salivary glands and tumors for both administered 
doses using the Medical Internal Radiation Dose calcula-
tion (see Equation 6).23 Organ weights that were used for 
absorbed dose calculations were based on the International 
Commission on Radiological Protection (ICRP) Publication 
89 adult male human model and corresponding S-values, 
similar to calculations by Peters et al.10,24

where D represents the absorbed dose in tissue (mGy), Ã 
represents the time-integrated activity in tissue (MBq*h), 
and S is the common S-value for physical effects (mGy/
MBq*h).

Software

Modeling was performed using NONMEM (version 7.5; 
ICON development Solutions, Ellicott City, MD) using the 
first-order conditional estimation method with interaction 
(FOCE-I) and ADVAN13. R (version 4.1.3) was used for 
data processing, model evaluation by visualization of GOF 
plots and VPCs, and simulations based on the final model.

RESULTS

Patients

Data from 10 patients with low volume metastatic PCa 
that received two cycles of [177Lu]Lu-PSMA-617 were used 
for model development, with a total of 180 blood samples 
and 491 SPECT/CT scan observations available. Kidney 
data from SPECT scans acquired at ~1  h were excluded 
from analysis, because those observations were expected 
to mainly represent urine activity instead of intracel-
lular kidney uptake. Total liver radioactivity contains a 
major contribution of 177Lu in the blood within the liver 
because of a high vascularization, so radioactivity within 
liver blood volume (calculated from the reference hepatic 
blood volume) was subtracted from total measured liver 
activity.25 Median (range) total tumor volume was 2.14 ml 
(0.27–76.6  ml) before study inclusion and decreased to 
0.92 ml (0.27–78.0 ml) before start of the second treatment 
cycle. Patient characteristics are shown in Table 1, addi-
tional patient characteristics and information regarding 
previous treatment is published previously.9 Radioactivity-
time curves of [177Lu]Lu-PSMA-617 in the population are 
shown for all compartments in Figures S1–S5.

Population pharmacokinetic 
dosimetry model

Blood compartment

The initial model was developed to accurately describe 
blood sample data, using both blood sample and imaging-
derived blood data. Blood activity derived from SPECT 
scans seemed suitable for model development, using 
an estimated linear correction with α  =  6.27 MBq/L 
and β = 0.828. The structural measurement effect ɣ was (6)D = Ã∗S
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estimated 0.273 MBq/L. These parameter values were 
fixed in further model development. Results from individ-
ual predictions of blood concentrations based on SPECT 
blood data input, using the estimated correction, com-
pared to blood sample data are shown in Figure 2.

Dosimetry model

A six-compartment model with first-order kinetics ad-
equately described the available activity observations in 
most compartments, except for an underprediction of 
measured liver activity at early timepoints. Final model 
parameter estimates for kin differed between the organ 
and tumor compartments and were 0.0238 h−1 for k12 (sal-
ivary glands), 0.00867 h−1 for k13 (kidneys), 0.0238 h−1 for 
k14 (liver), and 0.000248 h−1 for k15 (tumor). In addition, 
kout was lower for tumor (0.00902 h−1) compared with or-
gans (0.0307 h−1, 0.0141 h−1, and 0.0283 h−1 for salivary 
glands, kidneys, and liver, respectively). The volume of 
the central compartment was estimated 10.3 L. Saturable 
uptake into the salivary glands improved model fits for 
this compartment with an estimated BMAX of 40.4 MBq. 
For other compartments, there was no successful estima-
tion of BMAX (liver) or model fits did not improve (kidney 
and tumor). IIV was added on k10, k13, k41, k15, and BMAX. 
For k10, k13 (kidneys), and k41 (liver), IIV was very small 
(17.2%, 16.1%, and 9.5% coefficient of variation [CV%], 
respectively), whereas IIV on BMAX in salivary glands and 
the tumor uptake rate constant were higher (59.3% and 
58.8% [CV%] for BMAX and k15, respectively).

Structural effects

Tumor volume was incorporated on k15 (tumor), using a 
power covariate function, with an estimated value of 0.705 

T A B L E  1   Patient characteristics and demographics (baseline 
values as measured at study inclusion, unless stratified per cycle)

Characteristic Median (range)

Age (years) 67 (61–77)

Weight (kg) 84.0 (59.4–97.0)

Height (cm) 178 (174–182)

Creatinine clearance (ml/min) 87.9 (50.2–110)

Hemoglobin (g/dl) 9.1 (8.0–10.5)

ALT (U/L) 21.5 (13–32)

AST (U/L) 22 (12–28)

PSA (ng/ml) 1.75 (0.43–20)

Gleason score 8.5 (7–9)

Total tumor volume (ml)

Cycle 1 2.14 (0.27–76.6)

Cycle 2 0.92 (0.27–78.0)

Injected radioactivity (MBq)

Cycle 1 3064 (3025–3155)

Cycle 2 6039 (4972–6073)

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; 
PSA, prostate-specific antigen.

F I G U R E  2   Individual predictions (IPRED) based on blood data derived from single photon emission computed tomography (SPECT) 
scans (solid line) versus blood observations from both blood samples (black dots) and SPECT scans (gray dots) for treatment cycles 1 (a) and 
2 (b)
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(relative standard error [RSE] 12.3%). This structural ef-
fect resulted in significant decrease in OFV (dOFV –23.9) 
and GOF plots showed an improved model fit. With inclu-
sion of this identified effect, a two-fold increase in tumor 
volume compared to the median results in a 1.63-fold in-
crease in k15. Addition of PSA on k15 to the base model also 
resulted in a significant decrease in OFV, although this ef-
fect was less pronounced (dOFV –8.38) and plots showed 
worse predictions of the observed data compared to add-
ing tumor volume. Based on these results along with a 
known correlation between PSA and tumor volume, only 
tumor volume and not PSA was added as structural effect 
on k15 in the final model. Furthermore, the second treat-
ment cycle was tested on the BMAX (receptor expression 
in salivary glands), but model fits did not improve. Last, 
IOV added on k15 (tumor) significantly improved model fit 
(dOFV –63.4) and was estimated 43.5% (CV%).

Model evaluation

SIR results showed RSEs less than 20% for all structural 
PK parameters, IIVs, and IOVs. All final model parameter 
estimates, 95% confidence intervals, and parameter un-
certainties are shown in Table 2. GOF plots showed accu-
rate prediction of observed data within all compartments. 
In addition, conditional weighted residuals (CWRES) 
seemed normally distributed over prediction and time in-
tervals, except for the liver compartment (see Figure 3). 
Individual prediction plots for all compartments are 
shown in Figures  S2–S5. The VPC showed that model 
simulations including intervals were capable to describe 
mean observations and the 90% confidence interval of ob-
served data (see Figure 4). However, GOF plots and the 
VPC showed an underprediction in the liver for all obser-
vations at early timepoints.

Absorbed dose simulations

Radioactivity-time simulations for salivary glands and 
tumor based on the final model are shown in Figure  5. 
These simulations clearly showed the effect of satura-
ble uptake in salivary glands. Absorbed dose in salivary 
glands based on this population simulation was 2.06 Gy 
(range 1.85–2.26 Gy) and 2.53 Gy (range 2.26–2.80 Gy) 
after administration of 3 and 6  GBq, respectively. In 
other words, cumulative absorbed dose per unit admin-
istered activity was higher for 3  GBq dosing compared 
to 6  GBq (0.685 Gy/GBq vs. 0.421 Gy/GBq, respectively). 
For tumors, absorbed dose was calculated using the me-
dian tumor volume (1.73 ml) and a corresponding S-value 
of 0.0114 mGy/MBq*s. Tumor absorbed dose based on 

simulations increased from 8.10 Gy (range 6.73–9.46 Gy) 
to 16.2 Gy (range 13.5–19.0 Gy) after a dose increase from 
3 to 6 GBq [177Lu]Lu-PSMA-617.

T A B L E  2   Final model parameter estimates and parameter 
uncertainties for the six-compartment model, representing a blood 
(1), salivary gland (2), kidney (3), liver (4), tumor (5), and rest 
compartment (6)

Estimate 
(RSE%) 95% CI

Structural parameters
k10 (h−1) 0.288 (7.6) 0.248–0.335
k12 (h−1) 0.0238 (12.4) 0.0184–0.0302
k21 (h−1) 0.0307 (5.8) 0.0276–0.0346
k13 (h−1) 0.00867 (8.6) 0.00725–0.0102
k31 (h−1) 0.0141 (4.7) 0.0128–0.0154
k14 (h−1) 0.0238 (7.9) 0.0204–0.0276
k41 (h−1) 0.0283 (4.6) 0.0260–0.0310
k15 (h−1) 0.000248 (14.0) 0.000181–0.000317
k51 (h−1) 0.00902 (11.4) 0.00753–0.0103
k16 (h−1) 1.05 (15.3) 0.837–1.27
k61 (h−1) 0.744 (7.9) 0.622–0.871
V1 (L) 10.3 (4.5) 9.40–11.3
BMAX compartment 2 

(MBq)
40.4 (12.3) 31.4–50.8

IIV (CV%)
k10 17.2 (13.7) 15.0–19.4
k13 16.1 (16.8) 14.0–18.2
k41 9.5 (16.8) 7.3–10.6
k15 58.8 (17.3) 31.6–76.7
BMAX compartment 2 59.3 (15.8) 49.4–67.8

Structural effects
Tumor volume on k15 0.705 (12.3) 0.532–0.865

IOV (CV%)
k15 43.5 (15.1) 35.2–48.7

RUV (proportional, CV%)
Compartment 1 (blood 

samples)
19.3 (11.5) 17.2–21.6

Compartment 1 (SPECT 
data)

56.0 (12.4) 49.4–62.8

Compartment 2 24.6 (11.7) 21.6–27.1
Compartment 3 30.4 (11.2) 26.7–33.4
Compartment 4 85.0 (12.9) 73.8–95.6
Compartment 5 45.8 (12.9) 39.6–50.9

RUV (additive)
Compartment 1a 

(MBq/L)
0.25

Note: 95% CI and RSE values were obtained from the SIR.
Abbreviations: BMAX, maximum binding capacity; CL, clearance; CI, 
confidence interval; CV%, coefficient of variation; IIV, interindividual 
variability; IOV, interoccasion variability; RSE, relative standard error; RUV, 
residual unexplained variability; SIR, sampling importance resampling; 
SPECT, single photon emission computed tomography; V1, central volume 
of distribution.
aBoth for blood sample data as for data derived from SPECT scans.
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DISCUSSION

A six-compartment PK dosimetry model, using a NLMEM 
approach, was developed for [177Lu]Lu-PSMA-617 in pa-
tients with low volume metastatic PCa. Population PK 
models are a well-accepted approach for model-informed 
drug development and are regularly used to identify 
variability sources and covariates that can affect drug 
exposure. Our multicompartment structure resembles 
a (population) physiologically-based pharmacokinetic 
(PBPK) model, but an empirical approach was used and 
estimated PK parameters were not derived from prede-
fined physiological processes and drug-specific param-
eters. Therefore, there was no need for exact information 

(with related assumptions) on many input parameters, 
and this simpler, “PBPK-like,” approach was preferable to 
identify variability on overall uptake into compartments 
in this population. Using this approach, model results still 
showed an accurate description of individual observed 
data. In addition, in future research, population PK mod-
els could improve research regarding comparison of dif-
ferent PSMA ligands, enhancement of dose predictions for 
individual patients (using identified covariates), and pre-
diction of expected therapy effects (e.g., using PSA levels).

Nuclear imaging data proved suitable for model devel-
opment and the final model adequately predicted radioac-
tivity uptake in all compartments (blood, salivary glands, 
kidneys, liver, and tumors), although liver observations at 

F I G U R E  3   Goodness-of-fit plots of the final model for [177Lu]Lu-PSMA-617, including population predictions (PRED) versus 
observations (a), individual predictions (IPRED) versus observations (b), conditional weighted residuals (CWRES) versus time after dose (c) 
and CWRES versus PRED (d), for all compartments separately
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F I G U R E  4   Visual predictive check (VPC) of the final population pharmacokinetic (PK) model for [177Lu]Lu-PSMA-617 stratified per 
treatment cycle, based on 1000 simulations. Solid lines and dashed lines represent median observed values and 5th and 95th percentiles of 
observed values, whereas dark and light blue areas represent 80% confidence intervals of the simulated median and 5th and 95th percentiles 
of simulated values

F I G U R E  5   Simulated population radioactivity-time curves for [177Lu]Lu-PSMA-617 in salivary glands and tumor after administration 
of 3 (gray) and 6 GBq (black), where solid lines represent geometric mean and shaded areas represent 95% confidence intervals of the 
simulated mean (n = 1000 per dose level)
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early timepoints were underpredicted. Findings based on 
this developed model provided new insights regarding vari-
ability and its sources within this PCa patient population 
and showed relatively small IIV on most PK parameters 
and an IOV of 43.5% (CV%) on the tumor uptake rate con-
stant (k15). Besides estimating PK parameters and popula-
tion variability, simulations showed that absorbed dose per 
unit administered activity in salivary glands (dose limiting 
organ) lowered with increasing administered radioactivity, 
whereas absorbed dose in tumor lesions increased. Still, it 
has to be noted that all patients used for model develop-
ment received 3 GBq in their first and 6 GBq in the second 
treatment cycle. This difference in treatment cycles be-
tween low and high radioactivity dose may have impacted 
organ and tumor accumulation, because radiation effects 
could lead to a persistent reduction of uptake in later cy-
cles. However, “treatment cycle” was not identified as 
having an effect on salivary gland uptake, thus the timing 
of dosing regimens was not likely to impact our simula-
tions. Hence, the estimated saturable salivary gland up-
take hints toward a safe increase of the radioactivity dose 
for this population, with potential improved efficacy due 
to higher absorbed tumor doses.10 Future individualized 
[177Lu]Lu-PSMA-617 dosing could potentially be based on 
tumor volume, which had a structural effect on k15, where 
an increased tumor volume resulted in an increased tumor 
uptake rate (a two-fold increase in tumor volume resulted 
in a 1.63-fold increase in k15). By any means, a first step 
would be extrapolating this model to a patient population 
with larger total tumor burden representing the popula-
tion commonly treated in clinical practice. While extrap-
olating to such a population, the effect of tumor load on 
normal organ uptake is a factor to consider.26–28

As this is the first population PK model published for 
[177Lu]Lu-PSMA, results cannot directly be compared. 
However, [177Lu]Lu-DOTATATE has a similar mech-
anism of action regarding receptor binding and inter
nalization, and the excretion rate constant of 0.288 h−1 for  
[177Lu]Lu-PSMA-617 was comparable to 0.204 h−1 reported 
for [177Lu]Lu-DOTATATE.29 Estimated PK parameters were 
clearly different for tumors compared with other organs, 
which was partly caused by absolute radioactivity amounts 
being relatively small in tumors compared with organs due to 
volume differences between compartments. In addition, ac-
cumulation profiles appeared different (see Figures S1–S5) 
and the achieved maximum concentration and slower elim-
ination were described by smaller kin and kout rate estimates 
for tumor compared with organs. For all PSMA-expressing 
compartments, the rate parameter back to the central com-
partment was higher compared to the uptake rate into the 
specific compartment. For tumors, this effect was most pro-
nounced, which was caused by the very low total amounts 
of activity in the tumor compartment compared to blood.

To the best of our knowledge, variability on PK param-
eters was not assessed previously for [177Lu]Lu-PSMA-617. 
Using this NLMEM approach, part of the variability on the 
uptake rate for tumor (k15) was described by an inter-cycle 
difference (IOV 43.5% [CV%]). This identified cycle-to-
cycle variability was expected to play a part in radioligand 
therapy based on clinical observations and could be caused 
by patient conditions, such as hydration status, as well 
as treatment effects or tumor progression. Still, this high 
inter-cycle variability on k15 could hamper therapy indi-
vidualization based on predefined tumor absorbed doses. 
Future research with additional data can improve disen-
tangling sources describing this variability. In addition to 
IOV, the uptake rate for tumor (k15) showed a higher IIV 
compared to the uptake rate for kidneys (k13). A possible 
explanation for this difference could be that tumor exhib-
its the highest PSMA ligand uptake compared with other 
tissues and thus the uptake rate constant is more likely to 
vary.11,26 In addition, IIV in receptor expression might ex-
plain high variability in uptake for tumors, which was also 
identified for salivary glands with an IIV of 59.3% (CV%) on 
the maximum binding capacity (i.e., receptor expression). 
This BMAX for salivary glands might be overestimated, be-
cause PSMA-specific uptake was assumed, whereas PSMA 
ligand uptake in salivary glands is not necessarily exclu-
sively PSMA-specific.30 This assumption was primarily 
based on reasons of model simplicity, but also because the 
debate regarding this nonspecific uptake is still ongoing.

The proportional RUV was higher for blood data de-
rived from scan data (56.0% [CV%]) compared to blood 
sample data (19.3% [CV%]), which reflects the higher noise 
content for scan data. Furthermore, for this blood compart-
ment, CWRES plots (Figure  3c) implied a misspecifica-
tion for later timepoints. This underprediction was partly 
caused by the estimated structural measurement effect (ɣ) 
for blood data, which forced predictions to be lower than 
observations with an estimated value of 0.273 MBq/L (see 
Equation  2), of which the effect was more pronounced 
for lower observations. Second, GOF plots included both 
SPECT and sample data for the blood compartment. This 
also resulted in an underprediction, because SPECT blood 
data were purposely corrected to (lower) blood sample con-
centrations to account for the high noise level, especially 
for low radioactivity concentrations at later timepoints. 
Considering this all and based on visual inspection of 
SPECT prediction results (see Figure 2), blood activity data 
derived from nuclear imaging data seemed suitable for 
model input after correction to blood samples. Of course, 
the estimated linear correction requires further evaluation, 
to assure correct extrapolation of this correction to, for ex-
ample, other PSMA ligands or patient populations.

VPC results (Figure  4) and individual liver predic-
tions (Figure  S4) showed a discrepancy between liver 



1070  |      SIEBINGA et al.

observations and predictions at timepoints < 24 h post-
injection. Whereas liver activity data and these model 
results implied nonlinear elimination from the liver com-
partment, unfortunately, there is no clear explanation for 
this potential nonlinearity. After all, data observations 
include measured activity in the whole liver and, for ex-
ample, distribution to another compartment would have 
been included within the observed data. The nonlinear-
ity is presumably also not caused by saturable uptake, 
because the addition of this effect did not result in a suc-
cessful estimation. An explanation for this could be that, 
although PSMA ligand uptake is observed, PSMA recep-
tor expression in healthy tissue is fairly limited.11,26,31–33

Despite that the addition of tumor volume as a structural 
effect on k15 significantly improved the model fit, a mis-
specification for high observations in the tumor remained. 
However, all observations that were clearly underpredicted 
(see Figure 3a) belonged to one patient with a higher total 
tumor volume (76.6 ml in the first cycle) compared with 
all other patients. Therefore, absolute uptake (in MBq) into 
tumor lesions was also higher and, apparently, our model 
was not yet capable of adequately describing uptake in this 
large tumor. Relevance of this tumor volume effect needs 
to be evaluated and presumably optimized with extra data, 
including patients with larger tumor burden, which is also 
more representative for the clinical population currently 
receiving [177Lu]Lu-PSMA-617 treatment.

To conclude, this population PK dosimetry model ade-
quately described [177Lu]Lu-PSMA-617 uptake in salivary 
glands, kidneys, liver, and tumors lesions in patients with 
low volume metastatic PCa. Our approach proved imaging 
data suitable for model development, even for blood activ-
ity with use of a correction factor. IIV on most PK param-
eters was rather small and IOV on the tumor uptake rate 
constant was estimated 43.5% (CV%). This tumor uptake 
rate constant increased with increasing tumor volume, 
which could be relevant for future dose individualization. 
Furthermore, salivary gland uptake was saturable and sim-
ulations showed that increasing radioactivity dosing from 
3 to 6 GBq resulted in a reduced cumulative absorbed dose 
per unit administered activity for salivary glands, whereas 
for tumors, this increased with higher administered radio-
activity doses. Population PK modeling using NLMEMs 
could help to improve future radioligand therapy research, 
particularly as post-administration scans will become 
more commonly available with the increased interest in 
dosimetry.
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